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Abstract

:

The “Kökyar Greening Project” in the suburb of Aksu, Xinjiang, is a model of large-area artificial afforestation in an environment of drought and water scarcity. As an important part of the “3-North Shelter Forest Program”, it plays an important role in promoting the economic development and the environmentally friendly construction of Aksu and even of the whole Xinjiang region. Based on multisource remote-sensing data and meteorological observation data, this study explored the temporal and spatial changes in the vegetation parameters (FVC, NPP, and VEQI) and the ecological parameters (RSEI and LULC) in the Kökyar Project Area from 2000 to 2021. Based on the Theil–Sen median and TSS-RESTREND, this study investigated the path of mutual influence among the FVC, NPP, VEQI, and RSEI, as well as their responses to climate change and human activities. The results show that: (1) from 2000 to 2021, the FVC, NPP, VEQI, and RSEI in the Kökyar Project Area showed a significant upward trend and showed the distribution characteristics of “high in the south and low in the north”. (2) Over the past 22 years, the RSEI has shown a significant increase with the FVC, NPP and VEQI (p < 0.001), indicating that the “Kökyar Greening Project” has achieved significant ecological benefits. (3) The changes in the vegetation parameters and RSEI in the Kökyar Project Area were dominated by human activities. (4) The Kökyar Project Area has caused great changes to the ecosystem pattern of the region, and the vegetation parameters and RSEI in the Kökyar Project Area have increased, mainly in the form of cropland and grassland expansion over the past 22 years.
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1. Introduction


Vegetation plays an indicative role in global change and is an important part of Earth’s ecosystem. It also plays an important role in the process of land surface energy exchange, the biogeochemical cycle, and the hydrological cycle, and it can characterize land cover changes to a certain extent [1,2]. With the joint influence of climate change and human activities, the vegetation status in different periods will be affected, resulting in great differences in vegetation growth status between years [3,4]. Since the beginning of the 21st century, the degree of global vegetation greening has increased significantly, and China has contributed to nearly 25% of it, ranking first in the proportion of contribution [5]. This also contributes to the development of ecological governance in northwest China. The northwest is a region with the most widely distributed desertified and sandy land in China, and the continual ecological governance has led to the emergence of “green” in the region [6].



The Aksu region is located in the central and western parts of Xinjiang. It has a typical, warm-temperate arid climate, with sparse precipitation, large evaporation, and a dry climate. The desertification land area accounts for 77.08% of the total area, and the desertification land area accounts for 46.99%. It is one of the main wind-blown sand sources in southern Xinjiang [7] In order to combat the erosion of the land desertification and salinization, the Kökyar Greening Project was launched in Aksu, Xinjiang, in 1986 [8]. Over the past 36 years, cadres and the masses of all ethnic groups have worked together, and Kökyar, which was the source of sandstorms, is shaded with green trees. Additionally, taking this as the starting point, millions of acres of “green seas” have been bred in the deserts and barren beaches of southern Xinjiang [9]. Kökyar has changed from a cliff and a ravine that was once barren to a fragrant orchard with millions of acres of green trees. Aksu, which was once only 6 km away from the desert, was named the first “National Forest City” in northwest China. The United Nations also listed this green legend as one of the “Global 500 Best Places”.



However, the understanding of the improvement of the vegetation ecological quality in the Kökyar Project Area in recent decades remains qualitative, and there is a lack of temporal and spatial variation characteristics and driving mechanisms for comprehensively evaluating the vegetation ecological quality in this area from a quantitative and digital perspective. Remote sensing is currently the most powerful method with which human beings can rapidly realize global- or regional-scale Earth observation. Due to its high temporal and spatial continuity, it is considered to be one of the important means for carrying out vegetation ecological quality research [10]. To date, scholars have used remote-sensing data to create a variety of remote-sensing indices to quantify the status of vegetation ecology, such as the normalized difference vegetation index (NDVI) [11], the enhanced vegetation index (EVI) [12], net primary productivity (NPP) [13], land use and land cover (LULC) [14], and the remote-sensing ecological index (RSEI) [15].



Limited by the spatial resolution of satellite data and the small amount of single satellite data, previous studies on the changes in the temporal and spatial distribution of the vegetation ecological quality in the desert areas of Xinjiang focused on the whole area of Xinjiang or on regional-scale areas such as southern and northern Xinjiang. However, the research on small areas, particularly on the Kökyar Project Area, has rarely been conducted using high-spatial-resolution remote-sensing data. With the rapid development of space-based remote-sensing technology, great progress in spectral resolution, spatial resolution, and time resolution has been made with the use of satellite image data; this has enabled hyperspectral, high-spatial-resolution, all-time, all-weather, and real-time Earth observations. Thus, there is a large amount of macro and current data for monitoring the changes in regional vegetation ecological quality [16]. Wang et al. [17] used Landsat TM and Gaogao 1 remote-sensing images from 2005 to 2016 to monitor, analyze, and evaluate the vegetation coverage dynamics of the Aksu River Basin in Xinjiang. The results show that the vegetation coverage of the Aksu River Basin has shown a benign development trend over the past 10 years. Du et al. [18] used MODIS satellite data to analyze the temporal and spatial distribution of the vegetation NDVI and its response to climate change and human activities in Xinjiang from 1982 to 2012. Recently, Cui et al. [19] used AVHRR and MODIS NDVI data from 1989 to 2017 to analyze the temporal and spatial distribution changes in desert vegetation and the driving factors in Xinjiang. The results show that the total area of desert vegetation in Xinjiang increased significantly.



However, scholars often use single satellite data to study the vegetation quality in desertification areas based on remote sensing, and they usually take a specific ecology-related theme of the single vegetation NDVI, coverage, or vegetation NPP as guidance. This does not allow the comprehensive evaluation of the ecological status of the regional vegetation quality. The Kökyar Project Area is a model of large-scale, artificial tree planting in arid and water-deficient environments. Based on multisource satellite sensor data, it can break through the performance shackles of a single sensor, effectively give full play to the complementary observation advantages of multiple platforms, and provide refined and multi-platform remote-sensing data for the temporal and spatial characteristics of the vegetation ecological quality in the Kökyar Project Area, which is of great significance for the construction of the ecological civilization in Aksu, Xinjiang, and other regions of the country.



Using EOS/MODIS vegetation parameter products and meteorological observation data, this study explored the temporal and spatial changes in the NDVI, the fractional vegetation cover (FVC), and the NPP in the Kökyar Project Area from 2000 to 2021 and constructed a comprehensive vegetation ecological quality index (VEQI) [20] to comprehensively analyze the vegetation quality in the study area. Then, based on the Landsat series of satellite data, the random forest algorithm built into the Google Earth Engine (GEE) [21] platform was used to construct the annual LULC and RSEI of the Kökyar Project Area in order to evaluate the temporal and spatial changes in the ecological quality in the Kökyar Project Area from 2000 to 2021. Finally, based on the Theil–Sen median [22] and TSS-RESTREND [23], this study investigated the path of mutual influence among the FVC, NPP, VEQI, and RSEI in the Kökyar Project Area over the past 22 years, as well as their responses to climate change and human activities, in order to provide technical support for ecological environment protection and regional ecological environmental planning in the study area in the future.




2. Study Area and Data


2.1. Study Area


Kökyar is located in the northeast of Aksu, Xinjiang, close to the suburbs of Aksu City. The desert area in the east is the main birthplace of the Aksu sandstorm. The Kökyar Project Area starts from Wensu County under the Tomur Peak of Tianshan Mountain in the north; it spans the urban area of Aksu City and connects with the Tuanchang of Alar City on the edge of the Taklimakan Desert in the south (Figure 1). It is a desert with vertical and horizontal gullies and sparse vegetation in the alluvial platform between the Aksu River and the Tailan River at the southern foot of Tianshan Mountain. It is commonly known as “Kapo”, which is located in Aksu and the northeast suburb of Wensu County on the northern edge of the Taklimakan Desert (known as the “Sea of Death”) [24].




2.2. Data


Multisource remote-sensing data were used in this study, including the precipitation (PRE) [25], temperature (TEMP) [25], the NDVI [26], the digital elevation model (DEM) [27] and Landsat 5/6/7 [28]. The data used in this study are detailed in Table 1.





3. Methods


The methods of this work are divided into six parts: (1) the estimation of the annual NPP based on the terrestrial ecosystem carbon flux (TEC) [29]; (2) the estimation of the annual FVC based on the pixel dichotomy; (3) the estimation of the annual vegetation quality index based on the VEQI model; (4) the estimation of the annual ecological quality index based on the RSEI model; (5) the construction of the annual LULC products based on the random forest model; and (6) the performance of the driving analysis of the vegetation parameters (FVC, NPP, VEQI, and RSEI).



3.1. Estimation of Net Primary Productivity


Based on the MODIS NDVI monthly synthetic products and meteorological observation data during the same period, this study used the TEC flux model provided by the National Meteorological Center to estimate the vegetation NPP of the Kökyar Project Area. The spatial resolution of the NPP in this study was 1000 m, and the temporal units are annual (sum of monthly data).


  N P P = G P P −  R a   



(1)




where Ra is the assimilation product consumed by the respiration of the trophoblast, expressed as:


   R a  = 1 − ( 7.825 + 1.145 ∗ T a ) / 100  



(2)




where Ta is the monthly average temperature.



In the TEC, the GPP is calculated using:


  G P P =  ε *  ×  T ε  ×  W ε  × F P A R × P A R  



(3)




where    ε ∗    is the maximum rate of light energy utilization,    T ε    is the temperature stress factor,    W ε    is the water stress factor, and FPAR is the ratio of the photosynthetic effective radiation absorbed by vegetation photosynthesis.




3.2. Estimation of Fractional Vegetation Cover


The FVC refers to the percentage of the vertical projection of the vegetation canopy in the cross-sectional area of the statistical area. It is an important index for measuring the regional ecological environment [30]. This study calculated the FVC according to the pixel dichotomy method. The spatial resolution of the FVC in this study was 1000 m and the temporal unit was ‘annual’ (the mean of the monthly data).


  F V C =   N D V I − N D V  I  s o i l     N D V  I  v e g   − N D V  I  s o i l     × 100 %  



(4)




where the NDVIsoil represents the value at which the pixel is pure bare soil, and the NDVIveg represents the value at which the pixel is pure vegetation. According to the characteristics of the vegetation in China, the NDVIsoil and the NDVIveg in this study were 0.05 and 0.95, respectively.




3.3. Estimation of VEQI


The VEQI is a parameter that comprehensively reflects the vegetation ecological quality by considering the importance of the FVC and NPP to the vegetation ecological quality in a certain area and using the weighting method. The spatial resolution of the VEQI in this study was 1000 m, and the temporal unit was annual. The VEQI can be expressed as:


  V E Q I = 100 × (  f 1  × F V C ×  f 2  ×   N P P   N P  P  max     )  



(5)




where f1 and f2 represent the weight coefficients of the FVC and NPP, respectively. In this study, f1 = f2 = 0.5; the NPPmax represents the maximum value of the vegetation NPP in this period, i.e., the land NPP under the best local meteorological conditions. The value of the VEQI is between 0 and 100.




3.4. Estimation of RSEI


The RSEI has been widely used in regional eco-environmental quality assessment since it was proposed by Xu et al. The RSEI consists of the greenness index (NDVI), the humidity index (WET), the heat index (LST), and the dryness index (NDBSI). The selected indicators were completely based on remote-sensing information, which was easy to obtain. The calculation process does not need manual intervention, and the results are objective and reliable [31,32]. The spatial resolution of the RSEI in this study was 30 m, and the temporal unit was annual. The RESI can be expressed as:


  R S E I =   P C 1 − P C  1  min     P C  1  max   − P C  1  min      



(6)






  P C 1 = P C A ( N D V I , N D B S I , L S T , W E T )  



(7)






  N D V I = (  ρ  N I R   −  ρ  Re d   ) / (  ρ  N I R   +  ρ  Re d   )  



(8)






  N D B S I = ( I B I + S I ) / 2  



(9)






    S I =   [ (  ρ  S W I R 1   +  ρ  Re d   ) − (  ρ  B l u e   +  ρ  N I R   ) ] /      [ (  ρ  S W I R 1   +  ρ  Re d   ) − (  ρ  B l u e   +  ρ  N I R   ) ]    



(10)






    I B I =   { 2  ρ  S W I R 1    / (   ρ  S W I R 1   +  ρ  N I R    ) - [   ρ  N I R    / (   ρ  N I R   +  ρ  Re d   )       +   ρ  G r e e n    / (   ρ  G r e e n   +  ρ  S W I R 1    ) ] } /  { 2  ρ  S W I R 1    / (   ρ  S W I R 1         +   ρ  N I R    ) - [   ρ  N I R    / (   ρ  N I R   +  ρ  Re d    ) +   ρ  G r e e n    / (   ρ  G r e e n        +  ρ  S W I R 1    ) ] }     



(11)






    W E  T  T M   =   0.0315  ρ  B l u e   + 0.2021  ρ  G r e e n   + 0.3102  ρ  Re d   +      0.1594  ρ  N I R   − 0.6806  ρ  S W I R 1   − 0.6109  ρ  S W I R 2      



(12)






    W E  T  O L I   =   0.1511  ρ  B l u e   + 0.1972  ρ  G r e e n   + 0.3283  ρ  Re d   +      0.3407  ρ  N I R   − 0.7117  ρ  S W I R 1   − 0.4559  ρ  S W I R 2      



(13)




where PC1 is the first principal component, NDVI is the normalized difference vegetation index, NDBSI is the dryness index, SI is the soil index, IBI is the improved building index, WETOLI is the humidity index calculated by the OLI sensor, and WETTM is the humidity index calculated by the TM sensor.



It should be noted that the land surface temperature (LST) index was calculated using the open-source code (the SMW algorithm) [33], provided by Ermida et al. in the Google Earth Engine (GEE).




3.5. Land Use and Land Cover Classification


In this study, the Landsat 5/7/8 surface reflectance data provided by the GEE platform were processed by cloud removal, terrain correction [34], BRDF correction [35], etc., and the LULC of the Kökyar Project Area was classified based on the random forest model. First, we used the QA quality assessment band generated by the Cfmask model to mask the cloud pixels in the data and to eliminate the impact of cloud on the LULC classification. Second, we applied the well-performing Sun Canopy Sensor + C correction model to each scene to avoid the problematic under- or overcorrection observed in the steep slopes. Third, we normalized the reflectance values using the nadir bidirectional reflectance distribution function (BRDF) correction to obtain seamless mosaics. In order to improve the classification accuracy, this study selected the NDVI, NDWI, NDBI, BAEI, NDBai, DBI, DBSI, and TPI as the characteristic variables of the random forest model (Table 2) [36]. Based on the surface characteristics of the study area, this study finally selected five land types, namely cropland, grassland, water, bare land, and built-up area. The spatial resolution of the LULC in this study was 30 m, and the temporal unit was annual.




3.6. Driving Analysis


3.6.1. Theil–Sen Median


Based on the Theil–Sen median [22] and TSS-RESTREND [23], this study explored the path of mutual influence among the FVC, NPP, VEQI, and RSEI in the Kökyar Project Area over the past 22 years, as well as their responses to climate change and human activities.



The Theil–Sen median is a robust nonparametric statistical trend calculation method, which has high computational efficiency and insensitivity to measurement errors and outlier data. This method is often used in the trend analysis of long-term series data. This study used the Theil–Sen median to analyze the changing trends of the FVC, NPP, VEQI, and RSEI at the pixel scale.


  β  = Median (    V e  g j   − V e  g i     j − i    ) ,   2000  ≤ i < j ≤ 2021  



(14)




where β is the changing trend of the index, Vegj is the index value in the jth year, and Vegi is the index value in the ith year.




3.6.2. TSS-RESTREND


Climate change (e.g., precipitation and temperature) and human activities are important factors affecting the interannual changes in the vegetation ecological parameters (FVC, NPP, VEQI and RSEI) [44,45]. This study used the TSS-RESTREND to explore the effects of climate factors and human activities on the vegetation parameters. The method included three steps: (1) by using the temperature and precipitation data as independent variables and the vegetation ecological parameters as dependent variables, a multiple linear regression model was established. (2) Based on the fitting regression model and the temperature and precipitation data, the vegetation ecological parameters were calculated. The simulated value of the parameter (VegCC) was used to represent the impact of the climate factors on the vegetation ecological parameters. (3) The vegetation ecological parameter residual (VegHA), i.e., the difference between the true value of the vegetation ecological parameters and the simulated value, was used to represent the impact of human activities on the vegetation ecological parameters (Table 3). The calculation formulae are as follows:


  V e  g  C C   = a × T + b × P + c  



(15)






  V e  g  H A   = V e  g  O B S   − V e  g  C C    



(16)




where VegCC is the simulation value of the vegetation ecological parameters (FVC, NPP, VEQI, and RSEI) under the influence of precipitation and temperature; T and P are the temperature and precipitation, respectively; a, b, and c are the fitting coefficients; VegHA is the residual; and VegOBS is the vegetation parameters calculated from the remote-sensing data.






4. Results


4.1. Temporal and Spatial Changes


4.1.1. FVC


The FVC is an indicator factor characterizing the vegetation growth state and can reflect the size of the photosynthetic area of plants and the lush degree of vegetation growth. Based on the 16-day vegetation index product of the EOS/MODIS satellite from 2000 to 2021, this study used the pixel dichotomy method to calculate the FVC and then used the maximum synthesis method to obtain the monthly and annual FVC. The temporal variation trend and the spatial distribution characteristics of the FVC in the Kökyar Project Area were discussed.



The FVC in the Kökyar Project Area presented the distribution characteristics of “high in the south and low in the north” (Figure 2a). Additionally, from 2000 to 2021, the FVC increased significantly (Figure 2b), with an annual average increase of about 1.09, and the “greening” in the northern part of the Kökyar Project Area was obvious (Figure 2a). The FVC in 2021 reached the highest value over the years (46.60), with an increase of 107.11% compared with that in 2000 (22.50). This shows that over the past 22 years, the “Kökyar Greening Project” has brought huge ecological benefits to the area. However, the northern border area of the study area remains in a desertification situation, i.e., the phase D area of the project (Figure 1), indicating that the “Kökyar Greening Project” still needs to be further implemented.




4.1.2. NPP


The NPP refers to the remainder after deducting the autotrophic respiration from the total organic dry matter produced by the photosynthesis of green plants per unit time and unit area. As a key variable for characterizing vegetation vitality, the NPP is the basis of the energy and material circulation of both the organisms and the ecosystem and is related to the ecosystem’s ability to fix carbon. The TEC model provided by the National Meteorological Center was used to calculate and synthesize the monthly and annual NPP and thus to analyze the temporal variation trend and spatial distribution characteristics of the NPP in the Kökyar Project Area.



The NPP in the Kökyar Project Area presented the distribution characteristics of “high in the south and low in the north” (Figure 3a), which is consistent with the spatial distribution characteristics of the FVC (Figure 2a). Additionally, from 2000 to 2021, the annual NPP in the Kökyar Project Area showed a gradual upward trend (Figure 3b), with an average annual increase of about 1.34 gC/m2. In addition, the “greening” in the north of the Kökyar Project Area was obvious (Figure 3a). In 2013, the average NPP in the whole region was the highest, 108.95 gC/m2. The lowest NPP was in 2009 (27.65 gC/m2). In 2021, the average NPP in the whole region was 62.20 gC/m2, showing an increase of 90.39% compared with that in 2000 (32.67 gC/m2).




4.1.3. VEQI


The NPP and the FVC are the two most basic characteristic quantities reflecting the service function of the terrestrial ecosystem and the ecological quality of the vegetation. However, using the NPP or the FVC alone can only reflect one aspect of the terrestrial ecosystem service function or the vegetation ecological quality, i.e., the production capacity or the coverage capacity. Based on the NPP and the FVC, the constructed VEQI can reflect the comprehensive ability of the vegetation production capacity and the coverage capacity per unit area and can solve the spatial problems of the same NPP per unit area but a different FVC for the ground, or the same FVC but a different NPP. Therefore, based on the monthly and annual FVC and NPP, this paper constructed the VEQI. The VEQI can reflect both the vegetation productivity and the coverage.



As with the changing trend of the FVC and the NPP, the changing trend of the interannual VEQI in the Kökyar Project Area from 2000 to 2021 (Figure 4a) in the whole region also presented the distribution characteristics of “high in the south and low in the north” (Figure 4a). Over the past 22 years, the interannual VEQI has increased steadily (Figure 4b), with an annual average increase of about 0.68, and the VEQI in the north of the Kökyar Project Area showed the most significant increase (Figure 4a). In 2021, the VEQI in the whole region reached the highest value of the past 22 years, i.e., 26.92. Additionally, the VEQI of 2000 was the lowest over the years, i.e., 11.98. From 2000 to 2021, the VEQI in the whole region increased by 61%.




4.1.4. Remote-Sensing Ecological Index


In order to quantify the environmental benefits brought by the “Kökyar Greening Project” to the region over the past 22 years, this study selected four important indicators closely related to the land-surface ecological environment, i.e., greenness, humidity, heat, and dryness. The remote-sensing ecological index (RSEI) data of the Kökyar region for the past 22 years were calculated.



The spatial change trend of the RSEI in the Kökyar Project Area was consistent with that in the project construction phase (Figure 1). In 2000, the high-RSEI areas were basically in the middle and east of the project area, i.e., the construction areas of the Phase A, B, and C projects, and the north and south of the project area were low-RSEI areas. Over the past 22 years, after the construction of the Phase D, the low-value areas of the RSEI in the north and south of the project area have been significantly improved, which is mainly reflected in the gradual reduction in the area of the low-value areas of the RSEI and the significant increase in the medium- and high-value areas in the north and south (Figure 5a). In 2000, the area above the good level of the RSEI (>0.6) was 44.86 km2, accounting for about 39% of the total area of the project area. In 2021, the area above the level of the good level was 66.04 km2, accounting for about 58% of the total area of the project area. In 2021, the area above the good level of the RSEI increased by 21.18 km2 compared with that in 2000, and the effect of desertification control was remarkable.



As shown in Figure 5b, from 2000 to 2021, the mean value of the RSEI in the project area showed a significant upward trend on an interannual scale, with an average increase of 0.02 every 10 years. The multi-year average RSEI was 0.53, indicating that the total ecological quality in the project area was at a medium, close-to-good level. In 2020, the RSEI reached the highest value, 0.62, and the RSEI was at a good level, with an increase of 41% compared with that in 2000 (0.44). It shows that the “Kökyar Greening Project” has greatly improved the ecological quality of the area over the past 22 years.





4.2. Driving Analysis


4.2.1. Regional Scale


In this study, the scatter map of the annual-scale of the RSEI and the FVC, NPP, and VEQI was drawn (Figure 6). It can be seen from the figure that, from 2000 to 2021, the Pearson correlation coefficients (PCCs) of the FVC, VEQI, and RSEI were greater than 0.92, while the PCCs of the NPP and RSEI were lower (only 0.557). However, over the past 22 years, the RSEI has shown a significant increase with the FVC, NPP, and VEQI (p < 0.001), indicating that the “Kökyar Greening Project” has achieved significant ecological and environmental benefits.




4.2.2. Pixel Scale


Theil–Sen Median


In this study, the Theil–Sen median was used to calculate the interannual trend of the annual data of the RSEI, FVC, NPP, and VEQI. Then, 13,000 sample points were randomly selected in the study area, and the trend value of each index was extracted. Finally, they were linearly fitted in pairs (Figure 7).



It can be seen from Figure 7 that the PCCs between the NPP, FVC, and VEQI were greater than 0.95 (Figure 7d–f), indicating that these three indicators had a very significant positive correlation in the time-series changes. The PCCs between the RSEI and the three indices were low, but larger than 0.75, and all passed the significance test (Figure 7a–c). Secondly, among the three indicators, the PCC between the FVC and the RSEI was the highest (0.774) (Figure 7b), while the PCC between the NPP and the RSEI was the lowest (0.753) (Figure 7c), which is consistent with the conclusion drawn in Section 4.2.1. This shows that the correlation between the RSEI and the NPP, FVC, and VEQI is consistent at the panel and pixel scales.




TSS-RESTREND


As can be seen from Figure 8, the FVC, NPP, VEQI, and RSEI in most areas of the Kökyar Project Area showed a significant upward trend from 2000 to 2021. Additionally, the changing trend of these vegetation parameters and the RSEI driven by human activities (residual trend) was highly consistent with the spatial distribution of the corresponding actual trend. This indicates that human activities were the dominant factor in the change in the vegetation parameters and the RSEI in the project area from 2000 to 2021. Secondly, the changing trend of the vegetation parameters and the RSEI driven by climate factors was relatively weak, indicating that the vegetation parameters and the RSEI in most areas were less affected by climate. From the spatial distribution map of human activity contribution and climate change contribution in Figure 9, it can be seen that over the past 22 years, human activities have been the dominant factor in the changes in the vegetation parameters and the RSEI in the Kökyar Project Area.




Applicability of TEE-RESTREND


In order to explore the applicability of the TEE-RESTREND in the study area, this study took the RSEIs in 2003, 2009, 2015, and 2021 as examples to compare the simulated RSEI from TEE-RESTREND with the RSEI from the Landsat image (Figure 9). Figure 10 shows that the simulated RSEI had a high overall correlation with the actual RSEI (p < 0.001, R2 > 0.65 and RMSE ≤ 0.1. However, it was also found that the fitting effect of the different years was different. For example, the R2 values of 2003, 2009, and 2021 were all greater than 0.8, and the RMSE was less than 0.1.






4.3. Spatiotemporal Evolution of LULC


In order to explore the impact of the “Kökyar Greening Project” on the regional ecosystem pattern, this study used the random forest algorithm and 2432 Landsat images to invert the LULC data of the Kökyar Project Area from 2000 to 2021. Table 4 shows that the LULC data have good accuracy.



As can be seen in Figure 10a, over the past 22 years the types of land cover in the study area have mainly been cropland, grassland, and bare land. The bare land was mainly distributed in the southern and northern areas, which belong to the Phase D area of the project area. The grassland and cropland were mainly in the central region. Over the past 22 years, the area of bare land has shown an annually downward trend, while the other four types have shown an overall upward trend. Among them, the area of bare land decreased by 348.83 km2 from 2000 (435.64 km2) to 2021 (86.81 km2). The area of cropland increased the most, from 408.85 km2 in 2000 to 700.26 km2 in 2021, with an increase of 291.41 km2; the area of grassland type increased by 56.71 km2. The water and built-up areas in the Kökyar area slightly increased. This shows that over the past 22 years, the Kökyar Project Area has brought great changes to the ecosystem pattern of the region, and the vegetation parameters (FVC, NPP, and VEQI) and the RSEI have mainly increased in the form of cropland and grassland expansion.





5. Limitations


From the section on the Applicability of TEE-RESTREND, it was found that the fitting effect varied greatly in the different years. This phenomenon can be explained according to two aspects. Firstly, the rationality of the meteorological data interpolation method needs to be further demonstrated. Secondly, only using temperature and precipitation to quantify climate change increases the uncertainty of the study. In fact, in addition to temperature and precipitation, other climatic factors also affect the vegetation ecological status, such as the vapor pressure deficit (VPD) [46,47], atmospheric pressure [48,49], shortwave radiation [50,51], and wind speed [52,53]. However, in the current state, it is still unrealistic to thoroughly reveal the driving mechanism of the vegetation ecological parameters of Kökyar. In the future, based on this study, we will continue to explore this subject in depth and clarify the evolution mechanism of the vegetation ecological parameters in the Kökyar region in order to provide strong data support for the effective implementation of ecological restoration projects in this region.




6. Conclusions


After the national project of returning grazing land to grassland was launched in 2002, with the strong support of the state and the autonomous region, the Aksu prefectural party committee actively implemented the ecological restoration and treatment project, vigorously promoted the construction of ecological civilization under the guidance of the “two mountains” theory, and conceived an innovative method with Aksu characteristics, ecological priority, and green development. Specifically, the “Kökyar Greening Project” was implemented. Since the active planting of fruit trees, the annual income of the local people has increased significantly. This not only drives local economic development but also protects the ecological environment [9]. Based on multisource remote-sensing data and meteorological observation data, this study analyzed the temporal and spatial changes in the vegetation and ecosystem parameters, such as the FVC, NPP, VEQI, RSEI, and LULC, in the growing season from 2000 to 2021 in the Aksu Kökyar Project Area and the driving factors. The results show that:




	(1)

	
From 2000 to 2021, the FVC, NPP, VEQI, and RSEI in the Kökyar Project Area showed a significant upward trend and the spatial distribution characteristics of “high in the south and low in the north”. Over the past 22 years, the average annual increase in the FVC has been about 1.09, with an increase of nearly 107.11% compared with that in 2000. The average annual growth of the NPP was about 1.34 gC/m2, which was 90.39% higher than that in 2000 (32.67 gC/m2). On average, the RSEI has increased by 0.02 every 10 years.




	(2)

	
Over the past 22 years, the ecological quality has been significantly promoted according to the FVC, NPP, and VEQI (p < 0.001), indicating that the “Kökyar Greening Project” has achieved significant ecological and environmental benefits.




	(3)

	
From 2000 to 2021, the changes in the vegetation parameters and ecological quality in the Kökyar Project Area were dominated by human activities.




	(4)

	
Over the past 22 years, the Kökyar Project Area has brought great changes to the ecosystem pattern of the region. The bare land was reduced in a large area (348.83 km2), while the cropland (291.41 km2) and grassland (56.71 km2) showed a significant growth trend, indicating that the vegetation parameters (FVC, NPP, and VEQI) and the RSEI in the Kökyar Project Area have increased mainly in the form of cropland and grassland expansion.




	(5)

	
This study used a variety of vegetation ecological parameters to comprehensively demonstrate the ecological and environmental effects of the greening projects in the Kökyar area over more than 20 years, with different scales, methods, and models. It can provide strong data support for ecological environmental protection in this region.
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Figure 1. Sketch map of the research area. 
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Figure 2. Spatiotemporal changes in FVC in Kökyar Project Area from 2000 to 2021. (a) Spatial distribution map of FVC in Kökyar Project Area from 2000 to 2021. (b) Time-series changes in FVC in the Kökyar Project Area from 2000 to 2021. 
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Figure 3. Spatiotemporal changes in NPP in Kökyar Project Area from 2000 to 2021. (a) Spatial distribution map of FVC in Kökyar Project Area from 2000 to 2021. (b) Time-series changes in NPP in the Kökyar Project Area from 2000 to 2021. 
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Figure 4. Spatiotemporal changes in VEQI in Kökyar Project Area from 2000 to 2021. (a) Spatial distribution map of FVC in Kökyar Project Area from 2000 to 2021. (b) Time-series changes in VEQI in the Kökyar Project Area from 2000 to 2021. 
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Figure 5. Spatiotemporal changes in RSEI in Kökyar Project Area from 2000 to 2021. (a) Spatial distribution map of FVC in Kökyar Project Area from 2000 to 2021. (b) Time-series changes in RSEI in the Kökyar Project Area from 2000 to 2021. 
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Figure 6. Scatter map of the annual-scale RSEI, FVC, NPP, and VEQI. 
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Figure 7. Pixel-scale spatial variation of temporal trends. (a) Scatter fit of RSEI trend and VEQI trend. (b) Scatter fit of RSEI trend and FVC trend. (c) Scatter fit of RSEI trend and NPP trend. (d) Scatter fit of FVC trend and NPP trend. (e) Scatter fit of NPP trend and VEQI trend. (f) Scatter fit of FVC trend and VEQI trend. 
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Figure 8. The scatter map of the annual-scale RSEI and FVC, NPP, and VEQI. 






Figure 8. The scatter map of the annual-scale RSEI and FVC, NPP, and VEQI.



[image: Sustainability 14 07668 g008]







[image: Sustainability 14 07668 g009 550] 





Figure 9. Scatter fitting diagram of the RSEI simulated by TEE-RESTREND and the RSEI retrieved by Landsat (2003, 2009, 2015, and 2021). 
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Figure 10. LULC distribution map of the Kökyar Project Area (a) and long-term series of areas of various land types (b). 
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Table 1. Detailed description of the data.
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	Data Name
	Format
	Spatial Resolution
	Time Resolution
	Source





	2019QZKK0603-zgyjsl
	NETCDF
	1000 m
	Monthly
	NTPDC



	2019QZKK0603-zgypjw
	NETCDF
	1000 m
	Monthly
	NTPDC



	MOD13A3
	HDF
	250 m
	Monthly
	NASA



	SRTM DEM
	Tiff
	250 m
	—
	USGS



	Landsat 5, 7, 8
	HDF
	1000 m
	Seasonal
	NASA







NTPDC: National Tibetan Plateau Data Center (https://data.tpdc.ac.cn/en/news, accessed on 12 May 2022). NASA: National Aeronautics and Space Administration (https://www.nasa.gov/, accessed on 12 May 2022). USGS: United States Geological Survey (https://www.usgs.gov/, accessed on 12 May 2022).
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Table 2. Detailed descriptions of names, formulas and references for indices.
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	Names
	Formulas
	References





	Normalized Difference Vegetation Index (NDVI)
	(NIR − Red)/(NIR + Red)
	[37]



	Normalized Difference Water Index (NDWI)
	(NIR − SWIR)/(NIR + SWIR)
	[38]



	Normalized Difference Built-up Index (NDBI)
	(SWIR − NIR)/(NIR + SWIR)
	[39]



	Built-up Area Extraction Index (BAEI)
	(Red + 0.3)/(Green + SWIR)
	[39]



	Normalized Difference Bareness Index (NDBai)
	(SWIR − TIR)/(TIR + SWIR)
	[39]



	Dry Built-up Index (DBI)
	(Blue − TIR)/(TIR + Blue) − NDVI
	[40]



	Dry Bare-Soil Index (DBSI)
	(SWIR − Green)/(Green + SWIR) − NDVI
	[40]



	Topographic Position Index (TPI)
	Elevation − Mean (in 15-pixel radius)
	[41,42,43]
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Table 3. Determination criteria for driving factors of changes in vegetation ecological parameters and calculation method for contribution rate.
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Slope (VegOBS)

	
Driving Factors

	
Classification Criteria for Driving Factors

	
Contribution Rate of Driving Factors (%)




	
Slope (VegCC)

	
Slope (VegHA)

	
Natural Factors

	
Human Activities






	
>0

	
CC and HA

	
>0

	
>0

	
Slope (VegCC)/Slope (VegOBS)

	
Slope (VegHA)/Slope (VegOBS)




	
CC

	
>0

	
<0

	
100

	
0




	
HA

	
<0

	
>0

	
0

	
100




	
<0

	
CC and HA

	
<0

	
<0

	
Slope (VegCC)/Slope (VegOBS)

	
Slope (VegHA)/Slope (VegOBS)




	
CC

	
<0

	
>0

	
100

	
0




	
HA

	
>0

	
<0

	
0

	
100
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Table 4. Accuracy verification of LULC data.
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	Year
	OA (%)
	Kappa (Unitless)





	2000
	85.16%
	0.828



	2010
	87.53%
	0.841



	2020
	84.74%
	0.816
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